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We investigate the magnetic dynamics of the orthorhombic perovskite TmFeO3 at low temperatures,
below the spin reorientation transition at TSR ≈ 80 K, by means of time-of-flight neutron spectroscopy.
We find that the magnetic excitation spectrum combines two emergent collective modes associated
with different magnetic sublattices. The Fe subsystem orders below TN ∼ 632 K into a canted
antiferromagnetic structure and exhibits sharp, high-energy magnon excitations. We describe them
using linear spin-wave theory, and reveal a pronounced anisotropy between in- and out-of-plane
exchange interactions, which was mainly neglected in previous reports on the spin dynamics in
orthoferrites. At lower energies, we find two crystalline electrical field (CEF) excitations of Tm3+

ions at energies of ∼ 2 and 5 meV. In contrast to the sister compound YbFeO3, where the Yb3+

ions form quasi one-dimensional chains along the c axis, the Tm excitations show dispersion along
both directions in the (0KL) scattering plane. Analysis of the neutron scattering polarization factor
reveals a longitudinal polarization of the 2 meV excitation. To evaluate the effect of the CEF on the
Tm3+ ions, we perform point-charge model calculations, and their results quantitatively capture the
main features of Tm single-ion physics, such as energies, intensities and polarization of the CEF
transitions, and the type of magnetic anisotropy.

I. INTRODUCTION

It is well recognized that quantum effects are most
pronounced with the smallest possible spin. Here the
quantum fluctuations may prevent long-range magnetic
ordering even at zero temperature. In recent years, a wide
variety of spin-1/2 and spin-1 quantum many-particle
models with exotic disordered ground states have been
extensively developed [1]. Accordingly, theoretical studies
examined key concepts for exotic quantum matter, as
for instance, a quantum spin liquid [2], fractional exci-
tations (spinons) and their confinement [3–5], quantum
criticality [1, 6], and Bose-Einstein condensation [7–9].
For a long time, the search for a physical realization of
novel quantum phases was mainly limited by materials
with 3d transition metals, mostly Cu2+ or Co2+, as a
magnetic ion. Remarkable examples include CaCu2O3 as
a realization of the confinement idea [5], fractional spin-
1/2 quasiparticles in CuSO4 · 5D2O [10], SrCo2V2O8 as a
paradigm for spinon confinement [11] (see also a recent
review in ref. 12 and references therein).

The large anisotropic rare-earth 4f moments with
strong spin-orbit coupling are normally considered to
be ‘classical’ as temperature T → 0, comparing to the
isotropic Heisenberg spin-1/2. However, this is usually
in the context of single ion physics, and the crystalline
environments may change the electronic properties of the
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rare-earth ions considerably. Experimental hallmarks of
exotic quantum states have been recently reported in
number of Yb-based (4f13) compounds by the observa-
tion of Tomonaga-Luttinger liquid behavior and spinon
confinement-deconfinement transitions in YbAlO3 [13];
spinon continuum and spinon confinement in Yb2Pt2Pb
[14, 15] and in the triangular-lattice systems YbMgGaO4

[16, 17]; the quantum dimer magnet state in Yb2Si2O7 [18]
and a Higgs transition from a magnetic Coulomb liquid to
a ferromagnet in Yb2Ti2O7 [19]. In the rare-earth ortho-
ferrite YbFeO3 the Yb magnetic sublattice also exhibits
rich quantum spin dynamics [20]. At temperatures below
the iron spin-reorientation (SR) transition TSR = 7.6 K
the Yb spin chains have a well defined field-induced ferro-
magnetic (FM) ground state, and the spectrum consists of
a sharp single-magnon mode, a two-magnon bound state,
and a two-magnon continuum, whereas at T > TSR a
gapped broad spinon-like continuum dominates the spec-
trum.

All these experiments exploit the idea that energy levels
of the rare-earth ion with an odd number of electrons
in the unfilled 4f shell (Kramers ions) are split by the
crystal field (CF) into doubly degenerate states. The
quantum states of the ground Kramers doublet, separated
by a large energy gap from the first excited state, can be
viewed as an effective spin-1/2 [14]. It was predicted and
demonstrated experimentally that the magnetic properties
at low temperatures and in low magnetic fields can be
described by a pseudospin S = 1/2 model [13, 14, 17, 20].

On the other hand, in the case of non-Kramers ions, the
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CF splitting may result in singlets, doublets or pseudo-
doublets, depending on the symmetry. Accordingly, we
can expect rich magnetic field–temperature phase dia-
grams for compounds with non-Kramers rare-earth ions.

The rare-earth orthoferrites, even though thoroughly
studied in past, offer new opportunities for this type of
research. In particular, the absence of the long range
magnetic order in the rare-earth sublattice down to mil-
likelvin temperatures plays an important role. It was
shown recently that the coupling within the rare-earth
subsystem in Yb-based orthorhombic perovskites is essen-
tially quasi one-dimensional [13, 20, 21], which results in
unusual spin dynamics on the low-energy scale. Exper-
iments to reveal the nature of the rare-earth magnetic
state as well as intra- and inter-sublattice correlations
have so far been limited and were mainly concerned for
single-ion CF considerations.

The aim of this study is to present a quantitative analy-
sis of the magnetic excitations in the orthoferrite TmFeO3,
with a non-Kramers rare-earth ion, and to compare the
results to the Kramers ion case, YbFeO3 [20] and YbAlO3

[13, 21]. Our target compound is TmFeO3, in which the
Tm sublattice does not exhibit long range magnetic or-
der down to T = 1.6 K [22]. TmFeO3 crystallizes in an
orthorhombic distorted perovskite structure (space group
Pbnm) [23]. The Fe magnetic sublattice orders antiferro-
magnetically (AFM) at TN ∼ 632 K in a G-type structure
(see Fig. 3) [24]. In addition to the AFM structure, the
Dzyaloshinskii-Moriya (DM) interaction induces a Fe spin
canting giving rise to a weak FM moment. The iron sub-
lattice exhibits the SR transition at 82 K <∼ TSR <∼ 93 K
when the Fe moments coherently rotate from the a to the
c axis [22].

II. EXPERIMENTAL DETAILS

Polycrystalline TmFeO3 was prepared by a solid state
reaction following a standard procedure (see, for instance,
Ref. [25]). The phase purity of the resulting compound
was checked with a conventional x-ray diffractometer. The
crystal growth was carried out using an optical floating-
zone method (see [20] for details).

Magnetic measurements were carried out using a
vibrating-sample magnetometer with a superconducting
solenoid in fields up to 7 T and temperatures down to
4.2 K.

The single crystal inelastic neutron-scattering (INS)
measurements were performed in wide ranges of recipro-
cal space and energy transfer to fully map out the exci-
tations of both, Fe and Tm, magnetic sublattices. The
INS experiments were performed using two time-of-flight
(TOF) spectrometers: the wide angular-range chopper
spectrometer (ARCS) [26] and the Cold Neutron Chopper
Spectrometer (CNCS) [27, 28], both at the Spallation
Neutron Source at ORNL. The data were collected from
a single crystal with a mass of around 3.0 g, which was
aligned in the (0KL) scattering plane. The incident neu-

tron energy was fixed at Ei = 100 and 25 meV (ARCS)
and Ei = 12 and 3.3 meV (CNCS).

The software packages Dave [29], Horace [30]
and MantidPlot [31] were used for data reduction and
analysis. Linear spin-wave theory (LSWT), as realized in
the SpinW program package [32], was used to calculate
the excitation spectra and neutron scattering cross section
of the spin Hamiltonian. The crystal electric field (CEF)
calculations were performed using the McPhase software
package [33].

III. RESULTS AND ANALYSIS

A. High-energy excitations

In this section we discuss the spin dynamics of TmFeO3

associated with the magnon modes of the iron subsystem.
To obtain the high-energy magnon spectra we performed
INS measurements of TmFeO3 using the ARCS instru-
ment at SNS. Fig. 1 (a) shows an energy-momentum
plot along three high-symmetry directions taken with
Ei = 100 meV. One can see that the spectrum consists
of a sharp, well-defined magnon mode, which extends up
to ∼ 60 meV and can be associated with the spin-wave
excitations within the Fe subsystem [20, 25, 34]. However,
the low-energy part of the spectrum was rather noisy due
to the proximity of the elastic line and strong excitations
within the Tm subsystem, and in order to resolve the
magnon gap we performed an additional measurement
with Ei = 25 meV. The cuts close to the Γ-point of the
magnetic Brillouin zone along three main axes of recipro-
cal space are shown in Fig. 1(b-d). One can see that the
spectra contain dispersionless bright lines at E ≈ 2 and
5 meV due to Tm subsystem (which will be discussed in
details below in Sec. III B) and the low-energy part of the
Fe magnon excitations. It is clear that the Fe magnons
have a gap of about 8 meV, its precise determination is
difficult because at the Γ-point the magnon mode merges
with the Tm CEF excitation.

To quantitatively calculate the underlying exchange
interactions we determined the position of the magnon
mode at 94 points of reciprocal space [35] and then used
this dataset for the fitting to our spin-wave model.

To describe the spin dynamics of the Fe subsystem of
TmFeO3 we used the SpinW package [32] and a stan-
dard spin Hamiltonian, which included the Heisenberg
exchange interactions and an effective anisotropy con-
stant [36]:

H =
∑
〈i,j〉

JijSiSj +Kc

∑
i

Si. (1)

The summation in the first term runs over different sets
of neighboring Fe ions as discussed below. The Kc is an
effective anisotropy constant, which stabilizes the low-
temperature Γ2 ground state. Note, that the Kc is not a
simple single-ion anisotropy constant, but also effectively
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FIG. 1. INS spectra of TmFeO3 measured at T = 7 K.
(a) Energy-momentum cut through the high-symmetry di-
rections measured with Ei = 100 meV. The data were
integrated by ±0.1 Å−1 in the orthogonal directions. (b-
d) Energy-momentum cuts along H,K and L directions close
to the Γ point of the magnetic Brillouin zone show the magnon
gap. The spectra were taken with Ei = 25 meV and inte-
grated by ∼ 0.04 r.l.u. in the orthogonal directions. The solid
lines shown in all panels represent the results of the spin-wave
calculations as described in a main text.

takes into account rare-earth - Fe interactions, for details
see [20].

In the ideal cubic perovskite structure, the Fe ions
would have 6 nearest neighbors at a distance equal to the
lattice parameter a0 (here a0 is a lattice parameter of a
perfect cubic structure), and 12 next-nearest neighbors

at a distance of
√

2a0, and one can naturally associate
exchange interactions J1 and J2 to these bonds. TmFeO3

crystallizes into a distorted orthorhombic structure, which
makes the bonds along the different directions nonequiv-
alent. In the general case, when one takes into account
6 + 12 neighbors, one has to consider 6 nonequivalent
exchange interactions as shown in Fig. 3. Previously, the
anisotropy of the exchange interactions was not consid-
ered, when studying the spin dynamics of RFeO3, assum-
ing:

J1 ≡ J1a = J1b = J1c ,

J2 ≡ J2a = J2b = J2c .
(2)

In this work we perform the fitting of the observed magnon
spectrum to different models in order to find out to
which extend the approximation (2) is valid for TmFeO3.
The anisotropy constant is practically independent of the
model choice and has a value of Kc ≈ −0.09 meV.

In a first approximation, we studied the simplest J1 −
J2 model and the parameters were found to be: J1 =
4.92 meV, J2 = 0.29 meV, the fit quality Rw = 2.87%.
Note, that the results are very close to those obtained by
Shapiro et. al. [34]. As the next step, we split the J1 and
J2 into the in-plane component Jab and perpendicular
Jc. For this model we found a sensible increasing of the
fit quality Rw = 2.28% and the parameters are: J1ab =

2
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FIG. 2. Constant energy slices of the INS intensity within
(H3L) (a-c) and (HK3) (d-f) planes taken at T = 7 K. The
left and right sides of each panel show the measured and
calculated intensities, respectively. The data were integrated
within the energy windows of E = [55.5, 58.5] meV (a,d);
E = [45.5, 48.5] meV (b,e); E = [35.5, 38.5] meV (c,f).

4.74 meV, J1c = 5.15 meV, J2ab = 0.15 meV, J2c =
0.30 meV and the ratios between in-plane and out of
plane components Jab/Jc are ∼0.91 for the first and ∼0.5
for the second coordination spheres, respectively. As a
last step, we divided the in-plane parameters Jab into the
Ja and Jb for both coordination spheres, which gives the 6
independent exchange parameters in total. However, this
approximation did not increase the fit quality significantly
with the new Rw = 2.18%. Furthermore, the difference
between the in-plane exchange interactions was found to
be below the 5% for both nearest neighbors and next-
nearest neighbors, close to the standard deviation of the
fitted parameters.

To summarize, our analysis indicates that a model with
4 exchange interactions provides a reliable description of
the magnon excitations of the Fe subsystem in TmFeO3.
An excellent agreement between the calculated and ob-
served spectra can be clearly seen in Fig. 2, which shows
the constant energy cuts at (H3L) and (HK3) scattering
planes. The exchange interactions exhibit a pronounced
anisotropy with Jc > Jab for both coordination spheres.



4

(a) (b)

J2b

J2a

Jc

J2c

FIG. 3. (a) The sketch of the crystal structure of TmFeO3

showing only positions of the Fe ions. Exchange interactions
Ja, Jb, Jc, J2a, J2b, J2a are shown by lines. (b) The sketch
of the magnetic structure of TmFeO3. The canting of Fe
moments from the c axis is enlarged for better viewing.

B. Low-energy excitations

1. Point-charge model calculations

The Tm3+ ions in TmFeO3 occupy position with Cs

point group symmetry and the quantitative evaluation of
the crystal field Hamiltonian requires 15 Bm

l parameters.
Here we make use of a simple point-charge (PC) in order
to calculate the parameters of CEF Hamiltonian [37],

HCEF =
∑
l,m

Bm
l O

m
l . (3)

We considered neighbor ions lying within a sphere of
r = 5 Å, and used McPhase software to calculate the
Bm

l parameters (the set of calculated Bm
l parameters is

given in the Appendix, Table I). Using the set of parame-
ters we modeled CEF splitting, transition intensities and
magnetic anisotropy.

To check whether our parameters provide a reasonable
description of the Tm3+ single-ion state we calculated
the bulk magnetization along the different directions and
compared our calculations with the experiment. Figure 5
shows the magnetization measured along three main axes
at T = 4.2 K, together with the result of calculations.
The measured magnetization is strongly anisotropic, with
the easy axis pointing along the [001] direction. The
c axis magnetization has a Brillouin-like shape due to
the quasi-paramagnetic contribution of the Tm3+ ions.
The estimated saturation moment of mc ≈ 5.5 − 6 µB

agrees with a previous report [38]. The magnetization
of the Tm3+ ions, calculated using the PC model, well
reproduces the experimental curves and predicts the type
of anisotropy and values of the moment along a and c-axes,
with lesser agreement for the B||b. This disagreement
may reflect a contribution of the Fe sublattice due to the
Tm-Fe interactions.

We move on to consider the energy spectrum of the Tm
4f12 multiplet. According to our calculations, the CEF
fully lifts the degeneracy of the ground state multiplet
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FIG. 4. Low-energy excitation spectra of TmFeO3 measured in
(01L) (a,c) direction and (0K1) (b,d) direction at T = 1.7 K.
The spectra were taken with Ei = 12 meV (a,b) and Ei =
3.3 meV (c,d), and integrated by 0.1 r.l.u. in the orthogonal
directions. The origin of the weaker but very steep vertical
features is unknown.

into 13 singlets. The first two excited levels are located at
E1 = 1.94 meV and E2 = 7.71 meV. Only the E0 → E1

and E0 → E2 transitions have significant INS intensity,
whereas the other transitions are at least 50 times weaker
(for details, see Table II in the Appendix). The calculated
energy of the first excited level is in agreement with the
value obtained by means of optical spectroscopy, 2.2 meV,
[39, 40], while the calculated position of the second excited
level, 7.71 meV, deviates substantially from the observed
experimental value of 4.8 meV.

In the energy transfer region 0 < Ef < 100 meV, we
were able to observe two low-energy excitations, at ∼2 and
5 meV, in agreement with the PC calculations. Figure 4
summarizes the important features of the excited levels.
As expected, the observed excitations are dispersive due
to Tm-Tm magnetic interaction. Dispersion along (01L)
direction is similar to the YbFeO3 case for the tempera-
tures T < TSR [20]. The inelastic signal consists of two
modes. Their periods are shifted as L→ L+1. The inten-
sity of the second mode increases with wavevector K. The
second mode (sometimes called “shadow mode” [41]) has
nonzero intensity for the K 6= 0 and appears due to the
buckling of Tm atoms along the c axis, similar to the case
of YbFeO3 [20]. However, in contrast to the isostructural
Yb-based YbFeO3 and YbAlO3, whose excitation has a
dispersion along the L-direction only, TmFeO3 exhibits
dispersion with similar amplitudes along both, L and K
directions.

Another remarkable result is that the dispersion band-
width of the second excited level at ∼ 5 meV is several
times larger than that of ∼ 2 meV level, probably due to
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higher effective moment. Moreover, the dispersion of this
level is more pronounced along the L-direction, as can be
seen in Fig. 4(a,b) and Fig. 6(c,d).

We now discuss the polarization of the first excited
level. The low-energy excitation at 2.2 meV has no in-
tensity for zero transferred momentum along the K and
H directions. To represent this effect we made constant-
energy slices within the energy of the low-lying excitation
E = [1.9, 2.3] meV in (HK0) and (H0L) planes as shown
in Fig. 6(a,b). One can see a strong asymmetry of the
scattered intensity for the (H0L) plane, and the isotropic
distribution in (HK0). Such a pattern strongly resembles
the polarization factor of neutron scattering for collinear
magnets. However, the polarization factor has a differ-
ent form for the longitudinal and transverse (including
spin-wave) excitations:

PLong = (1−Q2) (4)

PTrans = (1 + Q2) (5)

where Q is a unit vector parallel to the directions of the
magnetic moments. Note, that the PTrans factor modu-
lates the scattered intensity by not more than a factor
of 2, whereas PLong completely suppresses the intensity
along a direction parallel to the magnetic moment.

Figure 6(e) shows the angular dependence of the
scattered intensity, integrated within the energy range
E = [1.9, 2.3] meV and Q ≈ 1.13 Å−1 in (0KL) plane. We
fitted the obtained curve with a simple harmonic function
I = I0 ·cos2(θ)+b, and one can see that it provides a fairly
good description of the data with b ≈ 0 in agreement with
the expectation for the longitudinal polarization Eq. (4).
Thereby, we conclude that the 2.2 meV excitation has a
longitudinal polarization, and corresponds to the moment
modulation along the c axis. Note, that this conclusion
is also supported by the results of our PC model calcula-
tions, which predict that the transition from the ground
state to the 1.94 meV level has strongly anisotropic matrix
elements with 〈0|Jz|1〉 � 〈0|Jx|1〉 = 〈0|Jy|1〉 = 0 (see
Table II). We did not observe such a polarization for the
second excited level at ∼ 5 meV, which is also in a fair
agreement with the PC model.
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FIG. 6. Constant energy slices of the INS intensity measured
at ARCS within (HK0) (a, c) and (H0L) (b) planes taken at
T = 7 K. The data were integrated within the energy windows
of E = [1.9, 2.3] meV (a,b) and E = [4.5, 5] meV. (e) Angular
dependence of the INS intensity in the (H0L) scattering plane.
The data are integrated within the same energy window of
around a constant |Q| = 1.13 Å−1 with ∼ 0.05-0.7 (r.l.u)
in orthogonal directions. The grey line shows a fit with the
cos2(θ) function.

IV. DISCUSSIONS AND CONCLUSION

Our INS data show that the magnetic excitation spec-
trum of TmFeO3 consists of AFM magnons within the
Fe subsystem with a considerable gap of ∼ 8 meV at 7 K,
and two weakly dispersive CEF transitions of the Tm
subsystem, which are below the gap of the Fe magnons.
We described the Fe excitations using LSWT considering
different combinations of exchange interactions and found
that they exhibit pronounced anisotropy between in- and
out-of-plane components.

The Tm dynamics is dominated by two CEF excita-
tions, whose energies, polarization and relative intensities
are reasonably well reproduced by a single-ion PC model
calculation. The lowest excitations have a pronounced
dispersion along both directions of the (0KL) plane. This
fact is in a strong contrast to the isostructural YbFeO3,
where only the dispersion along (00L)-direction was ob-
served in the INS spectra [20]. The second excited level
is also dispersive in all directions of reciprocal space, but
the dispersion is stronger along the L-direction.

Usually, describing the spin dynamics of a system with
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single-ion anisotropy one can start from one of the limiting
cases. (i) In case of weak anisotropy (J � K) one can
use a linear spin-wave theory, as we have done for the
description of the magnons within the Fe subsystem. (ii)
In the strong anisotropy limit, when the CEF splitting
is much larger than the exchange interactions and the
system has a doublet ground state, we can map the J
multiplet onto the pseudo-S = 1/2 problem, while the
single-ion anisotropy is absorbed by an effective g-tensor.
One of the standard approaches (LSWT, DMRG, exact
diagonalization, etc.) can be used to describe the low-
energy dynamics of the doublet ground state [13, 14] in
that case.

Our results show that in the case of TmFeO3 the situa-
tion is more complex, because the non-Kramers ion Tm3+

has a magnetic singlet state, where the CEF splitting
and exchange are of the same order of magnitude. Fur-
thermore, the Tm and Fe magnetic sublattices interact,
while the microscopic Hamiltonian is extremely compli-
cated due to the low site symmetries of both Fe and Tm
ions [42]. Therefore, to construct a better microscopic
model for the spin dynamics, one has to separate Tm-Tm
and Tm-Fe contributions, by measuring the magnetic dis-
persion in an isostructural material with the same CEF,
but nonmagnetic transition metal ions (e.g. TmAlO3).
Then, one may have to perform a more sophisticated
modeling of the spin dynamics taking into account both
CEF and exchange, which are of the same order of magni-
tude. Such a complex theory is well beyond the scope of
this experimental report and further theoretical work is
needed to fully resolve the microscopic spin Hamiltonian
of TmFeO3.
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TABLE I. Set of Bm
l (meV) parameters calculated from the

PC model.

Bm
l Bm

l

B0
2 = −5.29× 10−1 B0

6 = 0.2× 10−5

B2
2 = −1.35× 10−1 B2

6 = −1.1× 10−5

B−2
2 = 12.79× 10−1 B−2

6 = −0.9× 10−5

B0
4 = −0.13× 10−3 B4

6 = 6.1× 10−5

B2
4 = −1.7× 10−3 B−4

6 = 0.3× 10−5

B−2
4 = 3.29× 10−3 B6

6 = −0.9× 10−5

B4
4 = −1.22× 10−3 B−6

6 = −0.0× 10−5

B−4
4 = −9.57× 10−3

TABLE II.The energy levels and out of ground state transition
probabilities.

E (meV) < n|Jx|m >2 < n|Jy|m >2 < n|Jz|m >2

|E0〉 → |E1〉 1.94 0 0 27.66
|E0〉 → |E2〉 7.71 5.75 7.79 0
|E0〉 → |E3〉 14.12 0.25 0.07 0
|E0〉 → |E4〉 21.19 0 0 0.06
|E0〉 → |E5〉 33.66 0 0 0.15
|E0〉 → |E6〉 35.12 0.11 0.14 0
|E0〉 → |E7〉 50.68 0 0 0
|E0〉 → |E8〉 50.86 0 0 0.01
|E0〉 → |E9〉 72.13 0 0 0
|E0〉 → |E10〉 72.17 0 0 0.01
|E0〉 → |E11〉 105.51 0 0.01 0
|E0〉 → |E12〉 105.52 0 0 0

Appendix: Point-charge model calculations

Wavefunctions for the ground state and two low-lying
levels:

|E〉0 = −(0.024− 0.579i)| − 6〉+ (0.318− 0.058i)| − 4〉+

+(−0.013 + 0.213i)| − 2〉 − (0.135 + 0.103i)|0〉+

+(0.202− 0.069i)|2〉+ (0.029 + 0.322i)|4〉+

+(−0.565 + 0.130i)|6〉

|E〉1 = (−0.414− 0.482i)| − 6〉+ (0.182− 0.221i)| − 4〉+

+(0.078 + 0.089i)| − 2〉+ 0.018i|0〉+

+(−0.072 + 0.094i)|2〉 − (0.196 + 0.209i)|4〉+

+(0.382− 0.508i)|6〉

|E〉2 = (0.064− 0.481i)| − 5〉+ (0.398 + 0.051i)| − 3〉+

+(−0.158 + 0.281i)| − 1〉 − (0.137 + 0.292i)|1〉+

+(0.400− 0.023i)|3〉+ (0.029 + 0.484i)|5〉
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